The 782 nm band of CO 2 , in a transparent window of Earth's atmosphere, was the first CO 2 band observed 80 yr ago in the spectra of Venus. The band is very weak and therefore not saturated by the thick atmosphere of Venus, but its spectral parameters are still very limited due to the difficulty of detecting it in the laboratory. It is the highest overtone (ν 1 +5ν 3 ) of CO 2 given in widely used spectroscopy databases such as HITRAN and GEISA. In the present work, the band is studied using a cavity ring-down spectrometer with ultra-high sensitivity as well as high precision. The positions of 55 lines in the band were determined with an absolute accuracy of 3 × 10 −5 cm −1 , two orders of magnitude better than previous studies. The line intensities, self-induced pressure broadening coefficients, and the shift coefficients were also derived from the recorded spectra. The obtained spectral parameters can be applied to model the spectra of the CO 2 -rich atmospheres of planets like Venus and Mars.
INTRODUCTION
Carbon dioxide is a major component in the atmospheres of the Earth-like planets Mars and Venus. It is also present in the atmospheres of other planets. Carbon dioxide has many vibrational bands with very different intensities throughout the infrared, which makes CO 2 an important tracer for probing atmospheres to different depths. The band at 782 nm was the first CO 2 band observed in the spectrum of Venus (Adams & Dunham 1932) . The band has a moderate strength, thus it can be easily detected but not saturated due to the absorption of the CO 2 -dominated atmosphere of Venus. It also sits in a transparent window of Earth's atmosphere and can therefore be detected with ground-based instruments. The band was later confirmed to be the ν 1 + 5ν 3 band of CO 2 by Adel & Slipher (1934) , and then used to determine the temperature and CO 2 abundance in the atmosphere of the planet (Adel 1937; Chamberlain & Kuiper 1956; Spinrad 1962; Young 1972) . For the atmosphere of Mars, which has a lower CO 2 density, a stronger band (5ν 3 ) at 870 nm was used to retrieve the abundance and temperature of CO 2 in the Martian atmosphere (Spinrad et al. 1966) . Mandin (1977) analyzed a large number of CO 2 lines in the 3900-10,000 cm −1 region using a spectrum of the solar light that penetrated the atmosphere of Venus.
High-accuracy spectroscopic parameters, including but not limited to positions, intensities, pressure-induced shifts, and broadening coefficients, are needed to achieve deeper insights from the high-quality spectra recorded by many satellite-based instruments from recent Mars Express, Venus Express, and Cassini-Huygens missions. In particular, the line parameters of numerous CO 2 bands, including the very weak ones, are essential in extracting more accurate information on the very dense atmosphere of Venus (Pollack et al. 1993; Drossart et al. 2007 ).
In the latest versions of the HITRAN (Rothman et al. 2009 ) and GEISA (Jacquinet-Husson et al. 2011) databases, which are the most widely used in spectroscopic studies of terrestrial and planetary atmospheres, over 400,000 rovibrational CO 2 lines in the 5-12,784 cm −1 range are included. The 782 nm band is the highest overtone of CO 2 given in the databases. However, accurate line parameters, which can only be obtained from laboratory measurements, are still quite limited, particularly for weak bands. This fact is mainly due to the insufficient path lengths achieved in the laboratory. Herzberg & Herzberg (1953) conducted intensive spectroscopic studies of the overtones of CO 2 using absorption path lengths of up to 5500 m. With the development of high sensitivity laser spectroscopy techniques, the ν 1 + 5ν 3 and 2ν 2 + 5ν 3 Fermi-resonating bands were studied using photoacoustic spectroscopy (Yang et al. 1993) , diode laser absorption (Lucchesini & Gozzini 2005) , intra-cavity laser absorption (Campargue et al. 1994 (Campargue et al. , 1999 , and cavity ring-down spectroscopy (Song et al. 2011) . However, the accuracy of the reported rovibrational parameters remains limited.
Here we present a quantitative study of the well known 782 nm band of the main isotopologue of CO 2 , 12 C 16 O 2 , using a cavity ring-down spectrometer with high precision as well as high sensitivity. This spectrometer has been previously used to determine the spectroscopic parameters of the extremely weak electric quadrupole band of H 2 near 0.8 μm (Hu et al. 2012) . High-precision, line-by-line parameters are retrieved from the recorded spectra; the uncertainty in the absolute line positions, referenced to precise atomic transitions, is reduced to 3 × 10 −5 cm −1 . This value represents two orders of magnitudes in improvement over previous studies (Campargue et al. 1999; Song et al. 2011) . The strength, self-induced pressure shift, and broadening coefficients of each line are reported with a statistical relative uncertainty of 0.3% on average. The precise spectral parameters of the CO 2 lines in this spectral window will be useful for quantitative studies of CO 2 -rich planetary atmospheres.
EXPERIMENTAL
The ν 1 + 5ν 3 band of 12 C 16 O 2 in the spectral range of 782-789 nm was measured at room temperature (296 ± 1 K). Carbon dioxide gas with a stated purity of 99.99% was bought from the Nanjing Special Gas Co. and further purified by a "freeze-pump-thaw" process before use. The sample pressure was measured with a capacitance gauge (MKS 627B; full range 1000 torr) with a stated accuracy of 0.12%.
The details of the cavity ring-down spectrometer have been presented elsewhere (Gao et al. 2010; Cheng et al. 2012 ). In brief, the spectrometer is composed of a continuous-wave Ti:Sapphire, a 1.4 m ring-down cavity, and a thermo-stabilized Fabry-Pérot interferometer (FPI) used for calibration. The ringdown cavity has two mirrors (Los Gatos Inc.) with a reflectivity of 99.995%. The length of the cavity is periodically modulated by a piezoelectric actuator to match the cavity mode to the laser frequency. The laser is run in a step-scan mode and on each step typically about 100 ring-down events are recorded. The decay time, τ , of each ring-down event is derived from a fit of the recorded signal to an exponential decay function. The absorption coefficient, α, can be derived from the equation
where c is the speed of light, ν is the laser frequency, and τ and τ 0 are the decay times of the cavity with and without a sample, respectively. The minimum detectable (noise-equivalent) absorption coefficient α min was about 2 × 10 −5 km −1 . The ultrahigh sensitivity allows the detection of weak CO 2 transitions using moderate sample pressures (50-300 torr in this study). For illustration, the spectra of the P (16) Precise calibration is accomplished using the longitudinal modes of the thermo-stabilized FPI made of ultra-low expansion (ULE) glass. The transmittance peaks of the ULE-FPI, with an interval of 1497.029 MHz, have been precisely determined using Rb transitions at 780 nm and 795 nm. The uncertainty of the absolute frequencies of the ULE-FPI peaks has been estimated to be 0.1-0.6 MHz in the 775-800 nm region and the long-term frequency drift is below 0.1 MHz . Using the ULE-FPI peaks, the laser frequency can be calibrated with an accuracy better than 0.7 MHz (2 × 10 −5 cm −1 ).
RESULTS AND DISCUSSION
In total, 55 lines in the 12,683-12,784 cm −1 range were recorded. Different line profiles, including the conventional Voigt profile (with a fixed or free Gaussian width), a "soft" collisional Galatry profile (GP; Galatry 1961), and a "hard" collisional Rautian profile (Rautian & Sobelman 1967) , have been applied to fit the recorded spectrum. The GP gives the best fit. For illustration, Figure 1(b) shows the fitting residuals of the P(16) line recorded at 100 torr. These results agree with the conclusions of the study of the ν 1 + 2ν 0 2 + ν 3 band of CO 2 by Casa et al. (2009) . Long et al. (2011) concluded that the speed-dependent Nelkin-Ghatak profile (SDNGP; Nelkin & Ghatak 1964; Lance et al. 1997) gives the best fit of airbroadened CO 2 lines in the pressure range of 6.7-33 kPa. These authors also addressed the fact that the line parameters, including the areas and the Lorentzian widths obtained from fitting using the GP, are very similar to those obtained from fitting the same spectrum using the SDNGP. In this case, we adopt here the GP in the line-by-line fitting of the recorded spectrum. The Gaussian width was fixed at the calculated Doppler broadening width value, while other line parameters, including the position, intensity, Lorentzian width (half-width at halfmaximum), and Dicke narrowing coefficients, were derived from the fit.
The line parameters obtained for the recorded 55 lines in the ν 1 + 5ν 3 band of 12 C 16 O 2 are given in Table 1 . The statistical uncertainties obtained from the fits are also given. The line positions listed in Table 1 are the values at the zero-pressure limit derived from a linear fit of the line centers at different sample pressures. For unblended lines, the uncertainty on the line positions is estimated to be 3 × 10 −5 cm −1 , consisting of the statistical uncertainty (2 × 10 −5 cm −1 ) and the calibration uncertainty (2 × 10 −5 cm −1 ). Blended lines are marked with an asterisk in Table 1 . It should be noted that there can be systematic deviations in the parameters of the blended lines due to the spectral overlapping, as large as several times the given statistical uncertainties. For the heavily overlapped R(22), R(24), and R(26) lines, the pressure-induced line shifts and broadening coefficients cannot be well determined from the fits due to strong correlations; these values are therefore not listed in Table 1 .
The upper vibrational eigenstate of the band is mainly the (10 0 5) 1 normal mode state using the notation (V 1 V 2 2 V 3 ) r , where V i (i = 1-3) is the respective vibrational quantum number, is the corresponding vibrational angular momentum, and r is the ranking number of the vibrational state within the Fermi-resonance polyad. The rotational energies of the (10 0 5) 1 vibrational state can be interpreted with the usual energy level formula:
where G v is the vibrational term and B v , D v , and H v are the rotational and centrifugal distortion constants, respectively. The rovibrational constants can be derived from a fit of the line positions given in Table 1 . The lower ground state rotational constants were constrained to their literature values (Miller & Brown 2004 ) in the fit. The upper state rovibrational constants obtained in this work are given in Table 2 . For comparison, the literature values (Campargue et al. 1999; Song et al. 2011) are also given in the same table. The difference between the experimental and calculated line positions is given in Table 1 . Note that the blended lines have not been included in the fit. The deviation between the calculated and experimental line positions (rms value 6.6 × 10 −5 cm −1 ) is larger than the experimental uncertainty (3 × 10 −5 cm −1 ). This result indicates that some of the rotational levels may be shifted due to rovibrational interactions. The uncertainty of the ground state rotational energies, which were calculated from the spectroscopic parameters with an rms deviation of 4.4 × 10 −5 cm −1 (10) R (46) b Line strength at 296 K, in 10 −27 cm molecule −1 . c Self-induced pressure shift coefficient at 296 K, in 10 −3 cm −1 atm −1 . d Self-induced pressure broadening coefficient at 296 K, in cm −1 atm −1 . Notes. Values in parentheses are 1σ standard deviations at the last quoted digit. a Root mean square deviation, in 10 −3 cm −1 . (Miller & Brown 2004) , also contributed to the uncertainties of the upper state energies. Figure 2 shows the self-induced pressure broadening widths and pressure shifts of the P(16) line observed at different molecular densities. The linear fits give the line position at the zeropressure limit (shown as 0 in the figure), the pressure shift coefficient, and the pressure broadening coefficient, respectively. The coefficients obtained are given in Table 1 and shown in Figure 3 . The self-induced pressure broadening coefficients are in the range of 0.08-0.12 cm −1 atm −1 and the pressure shift coefficients vary from −0.009 cm −1 atm −1 to −0.02 cm −1 atm −1 . In comparison with the 2ν 1 + ν 3 and 3ν 1 + ν 3 polyads studied by Toth et al. (2006) , the pressure broadening coefficients are close, but the pressure shift coefficients given here are about three times larger. This finding agrees with the results shown by Toth et al. (2006) in that the self-induced pressure broadening coefficients have little vibrational dependence, while the pressure shift coefficients have an apparent dependence on the upper vibrational states.
The Dicke narrowing parameters can also be derived from fits of the spectrum, but these parameters are not physically reasonable. The narrowing parameter β can also be calculated by the diffusion theory from the equation (Lepère 2004) :
where k B is the Boltzmann constant, T is the temperature, m is the molecular mass, c is the speed of light, and D is the massdiffusion coefficient of CO 2 , which can be found in the study by Boushehri et al. (1987) . As for the P(16) line, the ratio between the values obtained from the fitting and the calculated ones varies from 1.3 to 2.7 when the pressure increases from 50 torr to 300 torr. Such a discrepancy agrees with that observed in the study of the ν 1 +2ν 0 2 + ν 3 band of CO 2 by Casa et al. (2009) . As a comparison, we refit the spectrum of the P(16) line using the GP but with β fixed at the values calculated from Equation (3). The obtained line parameters are only slightly different from those given in Table 1 : a −0.9% difference in the line strength and a −0.5% difference in the pressure-induced Lorentzian width. As for the line position (and therefore the pressure-induced shift coefficient), the difference is much smaller than the statistical uncertainty and is taken to be negligible. These results provide an estimation of the upper limit of the possible deviation on the obtained line parameters if the GP is insufficient to model the line shape of CO 2 .
Although the GP can fit the spectra obtained in this study well, more general profiles Ngo et al. 2013) may be needed to model the spectra with better accuracy. However, the excellent linearity of the line positions and the Lorentzian widths with pressure in the region of 50-300 torr indicates that the respective coefficients are not affected much by the narrowing and the speed-dependent effects due to collisions. We have also measured the spectra of a few CO 2 lines at a pressure of 760 torr. Analysis of the spectra shows that the linearity still holds well; the deviations are within the uncertainties given in Table 1 . Noting that a pressure of 1 atm can be already regarded as "high pressure" since the Lorentzian width is almost one order of magnitude larger than the Doppler width, which implies that the parameters obtained in this work can be applied to simulate the spectrum of CO 2 at higher pressures.
SUMMARY
The spectra of 55 lines in the (10 0 5) 1 -(00 0 0) 1 band of 12 C 16 O 2 near 782 nm were recorded with a cavity ring-down spectrometer calibrated by precise atomic transitions. The line positions were determined to an accuracy of 3×10 −5 cm −1 (2×10 −5 cm −1 statistical and 2 × 10 −5 cm −1 systematic). The line strengths, self-induced pressure broadening coefficients, and the shift coefficients were determined with relative uncertainties <1% for unblended lines. The uncertainty budget consists of the statistical uncertainty (given in Table 1 ), a 0.3% uncertainty from the measurements of pressure and temperature, and a possible deviation of less than 1% due to improper profiles applied to model the line shape. Taking into account that the band is in a transparent window of Earth's atmosphere, the spectral parameters obtained here can be used to model the atmospheres of Venus and Mars using spectroscopy data from both satellite-based and ground-based observations. This work is jointly supported by the NSFC (21225314, 91221304, 20903085) , the NBRPC (2013CB834602), and the FRFCU.
